Measurements of the entropy change at the martensitic transition of two composition-related sets of CuAl-Mn shape-memory alloys are reported. It is found that most of the entropy change has a vibrational origin, and depends only on the particular close-packed structure of the low-temperature phase. Using data from the literature for other Cu-based alloys, this result is shown to be general. In addition, it is shown that the martensitic structure changes from 18R to 2H when the ratio of conduction electrons per atom reaches the same value as the eutectoid point in the equilibrium phase diagram. This finding indicates that the structure of the metastable low-temperature phase is reminiscent of the equilibrium structure. ͓S0163-1829͑97͒00926-0͔
I. INTRODUCTION
It is acknowledged that the stability of bcc metallic phases is controlled by a vibrational entropy associated with a lowlying acoustic transverse phonon branch.
1 Many of these bcc materials undergo a transition to a close-packed structure on cooling. The transition is entropy driven, first order, and diffusionless, and is usually termed a martensitic transformation.
2 Among the materials undergoing martensitic transformations, Cu-based shape-memory alloys are particularly interesting. These systems belong to the HumeRothery class of materials, whose phase stability is largely dominated by the average number of conduction electrons per atom (e/a). 3 Commonly, the bcc phase is not stable at moderate temperatures, but it can be retained by means of a suitable cooling treatment. During this cooling the system becomes configurationally ordered. It has recently been shown that ordering can strongly modify the vibrational characteristics of the bcc lattice and, therefore, have an influence on the phase stability of the system. 4 In addition, the diffusionless nature of the transition ensures that the atom distribution in the high-temperature bcc phase is inherited by the low-temperature close-packed phase, and hence there is no a configurational contribution to the entropy change between the two phases. 5 Moreover, for these Cu-based alloys the entropic contribution from conduction electrons has been found to be small, and to stabilize the close-packed structure. 6 In this paper we study the Cu-Al-Mn shape-memory alloy system. This alloy system bears many similarities with traditional Cu-based shape-memory alloys like Cu-Al-Be or CuZn-Al. The important peculiarity that distinguishes CuAl-Mn arises from its magnetic properties. While typical shape-memory alloys are diamagnetic, Cu-Al-Mn is paramagnetic at high temperature and undergoes a transition to a magnetic glassy phase at a temperature far below the martensitic transformation. 7 Such a distinct magnetic behavior could influence the relative stability between the bcc and close-packed phases in Cu-Al-Mn.
In this work we present results of the excess of entropy of the bcc structure for two different families of Cu-Al-Mn alloys; data are compared with published values for other Cubased systems. 3 solution. The atomic composition and the measured martensitic transition temperature ͑on cooling͒ of each specimen studied are given in Table I .
II. EXPERIMENTAL DETAILS
Calorimetric measurements have been performed using a high-sensitivity microcalorimeter specifically designed to investigate solid-solid phase transitions. 8 Since this instrument cannot be used at temperatures above room temperature, high-temperature measurements have been carried out in a commercial differential scanning calorimeter. In all cases, prior to a calorimetric measurement, samples have been annealed for 900 s at 1073 K and then quenched into a mixture of ice and water. For sample B1 ͑which transforms above room temperature͒ the quench has been performed into boiling water. For all samples, the calorimetric run has been carried out 72 h after the quench.
III. RESULTS AND DISCUSSION
The calorimetric output, proportional to the thermal power (dQ/dt), and the temperature (T) have been simulta- neously recorded at a rate of 0.5 Hz. After a proper correction of the base line, the entropy change at the martensitic transformation has been computed as
where T i and T f are temperatures located, respectively, above ͑below͒ and below ͑above͒ the start and finishing temperatures on cooling ͑heating͒. Results for all the samples investigated are given in Table II . The error associated with ⌬S is less than 5%. 9 Within this experimental uncertainty, no systematic differences between the values for forward and reverse transitions have been obtained. Actually, this is a consequence of the small difference between the heat capacities of the two phases and of a negligible entropy production from irreversible effects at the transition. In the following, the value given for the entropy difference between the bcc and the martensitic phases will correspond to an average over the absolute values obtained in the cooling and heating runs. This quantity will be identified with the excess of entropy of the bcc phase with respect to the corresponding close-packed one. Table II shows that, within the experimental error, the entropy excess data for all the samples studied fall around two different values: ⌬Sϭ1.51Ϯ0.05 J/mol K and ⌬Sϭ1.26Ϯ0.06 J/mol K. The fact that two different values have been obtained suggests the presence of a different product phase for each value of ⌬S. Indeed, samples with a low ⌬S exhibit a very different thermal spectrum curve than samples with a high ⌬S. The different behavior could arise from different martensitic growth mechanisms. The transition for samples with high ⌬S has a jerkier character and larger thermal hysteresis than the transition for samples with low ⌬S ͑see Fig. 1͒ . Actually, this different behavior has already been reported for the growth kinetics of the 2H ͑twinning mode mechanism͒ and the 18R ͑slip mode mechanism͒ structures. 10 In order to investigate whether different martensitic structures can be found in the samples studied, we have performed x-ray measurements with powders of specimens A1 and B1. The diffractograms are shown in Fig.  2 . 11 Peaks of the 2H phase (␥ 1 Ј phase͒ are observed in the diffraction pattern corresponding to sample A1, while sample B1 displays peaks of the 18R phase (␤ 1 Ј phase͒.
There is also a certain amount of residual high-temperature bcc (␤ 1 ) phase. In particular, it is interesting to notice that the highest characteristic peak of the 2H phase, (1 2 1), observed in the pattern of alloy A1, is replaced by (1 2 8) and (1 2 10) peaks, characteristic of the 18R phase, in the pattern of alloy B1. This finding shows that samples with low ⌬S transform to the 18R phase while samples with high ⌬S transform to the 2H phase. It is worth noting that our results are in agreement with recent results by Kato et al. 12 who deduced ⌬Sϭ1.31 J/mol K for the bcc→18R transition and ⌬Sϭ1.59 J/mol K for the bcc→2H transition from strainstress measurements. 13 Since the martensitic structure is known to depend on the e/a value of the alloy system, an analysis of the e/a dependence of ⌬S is worth performing. In order to obtain e/a as a function of the alloy composition, we have assumed, as usual, 3 that each Cu atom contributes one electron and each Al atom three electrons. The situation is less clear for Mn atoms. For the class of alloys studied here it has been proposed 14 that the contribution of Mn atoms is given by (m/ B Ϫ3), where m is the magnetic moment of Mn atoms and B is the Bohr magneton. From experimental data it has been deduced 14 that m/ B is very close to 4, resulting in a contribution of one electron per Mn atom. The e/a ratios calculated for the alloys studied are listed in Table I . The measured ⌬S values are plotted as a function of e/a in Fig.  3 . A change in ⌬S is observed for a value of e/a around 1.46. This result is in agreement with a passage from the 18R to the 2H structures at e/aϭ1.46 observed by transmission electron microscopy ͑TEM͒. 15 This value of e/a is very close to the value of e/a where the two phase boundaries of the bcc stability region meet each other ͑eutectoid point͒ in the equilibrium phase diagram of the two families studied, 16 suggesting that the martensitic structure changes from 18R to 2H at a value of e/a very close to the value of the eutectoid point (e/a) eu . In order to check if this idea can be extended to other Cu-based shape-memory alloys, we have collected from the literature a large number of data for different Cubased alloys, and we have plotted them ͑including the present values for Cu-Al-Mn͒ in Fig. 4 as a function of ␣ϵe/aϪ(e/a) eu . The (e/a) eu values are 1.48 for Cu-Zn-Al, 1.53 for Cu-Al-Ni, and 1.49 for Cu-Al-Be. It is clear from Fig. 4 that all ⌬S values collapse on a single step function that changes from a value 1.31Ϯ0.10 J/mol K to a value 1.60Ϯ0.10 J/mol K at ␣ϭ0. Systems with negative ␣ transform to the 18R structure, while systems with positive ␣ to the 2H one. At ␣ϭ0 data spread over a large range of values; this reflects the fact that samples with compositions close to the eutectoid may transform into a mixture of the two phases. 17 It has been recently proposed that ⌬S is a linear function of e/a for Hume-Rothery alloys;
18 the apparent discrepancy with the results presented here could arise from the fact that the different alloy families have different (e/a) eu values, and this can mask the scaling of ⌬S because the jump will spread over a broad range of e/a. Our present results indicate a difference in entropy between the two close-packed structures of 0.3Ϯ0.2 J/mol K, independent of the alloy system. It is worth mentioning that the values reported in the literature, evaluated from stressstrain measurements in a number of Cu-based alloys ͓⌬S 18R→2H ϭ0.2 J/mol K ͑Ref. 19͒ and ⌬S The fact that ⌬S values for Cu-Al-Mn coincide with ⌬S values for other nonmagnetic Cu-based alloys leads us to conclude that a possible magnetic contribution to the overall entropy change would be very small. In agreement with this result we have found that the magnetic susceptibility jump at the martensitic transition is not influenced by an applied magnetic field ranging from 0 to 1 T.
From the results presented above, we conclude that the excess of entropy of the bcc phase in these systems arises mainly from the vibrational degrees of freedom. Hence, the different value found for the entropy change between the bcc and different close-packed phases is a consequence of different densities of vibrational states for these close-packed phases.
Finally, it is interesting to recall that these alloys exhibit long-range configurational order. The entropy excess of the bcc phase could also depend on the degree of configurational order, in addition to its dependence on the particular martensitic structure. Such a dependence has been found to be negligible for Cu-Zn-Al, 21 in agreement with the fact that the fundamental structure of the close-packed phase is not modified by configurational order. Moreover, recent specific heat measurements 22 have shown ͑within the experimental uncertainties͒ that the vibrational contribution to the entropy of the high-temperature bcc phase is also independent of atomic ordering. Thus, we conclude that this same result must hold for the entropy of the close-packed phase. Finally we point out that, in contrast with other alloy systems like Ni 3 Al or Fe 3 Al, 4 configurational order has little influence on the vibrational entropy of Cu-based Hume-Rothery alloys.
IV. SUMMARY AND CONCLUSIONS
In this paper we have studied the Cu-Al-Mn shapememory alloy. 18R and 2H martensitic phases form for e/aϽ(e/a) eu and e/aϾ(e/a) eu , respectively; here (e/a) eu is the value of e/a corresponding to the composition for which the bcc phase is stable in the largest temperature range. Such an e/a dependence of the resulting martensitic structure could be reminiscent of the dependence of the equilibrium phases on the electron concentration. This is in agreement with the fact that the relative phase stability of equilibrium bcc and fcc structures has been recently predicted using thermodynamic data corresponding to the martensitic transition. 18 Here we have found that the entropy change at the martensitic transition depends solely on the resulting closepacked structure, and, from the analysis of published data, this result has been shown to be general for Cu-based shapememory alloys. In particular it has been shown that the entropy change for a given close-packed structure is always the same for all the alloys analyzed. We obtain that ⌬Sϭ1.31Ϯ0.10 J/mol K for the transition to the 18R phase, and ⌬Sϭ1.60Ϯ0.10 J/mol K for the transition to the 2H phase. This excess of entropy of the bcc phase arises from the vibrational degrees of freedom. Hence, the different excesses of entropy for the different close-packed phases are a consequence of different densities of vibrational states in the different close-packed structures. To our knowledge, no experimental data for the density of states in the martensitic phase are available at present to confirm this point directly.
